Abstract Many coral species display changing distribution patterns across coral reef depths. While changes in the underwater light field and the ability to associate with different photosynthetic symbionts of the genus Symbiodinium explain some of the variation, the limits to physiological plasticity are unknown for most corals. In the central Red Sea, colonies of the branching coral Pocillopora verrucosa are most abundant in shallow high light environments and become less abundant in water depths below 10 m. To further understand what determines this narrow distribution, we conducted a crossdepths transplant experiment looking at physiological plasticity and acclimation in regard to depth. Colonies from 5, 10, and 20 m were collected, transplanted to all depths, and reinvestigated after 30 and 210 d. All coral colonies transplanted downward from shallow to deep water displayed an increase in photosynthetic light-harvesting pigments, which resulted in higher photosynthetic efficiency. Shallow-water specimens transplanted to deeper water showed a significant decrease in total protein content after 30 and 210 d under low light conditions compared to specimens transplanted to shallow and medium depths. Stable isotope data suggest that heterotrophic input of carbon was not increased under low light, and consequently, decreasing protein levels were symptomatic of decreasing photosynthetic rates that could not be compensated for through higher light-harvesting efficiency. Our results provide insights into the physiological plasticity of P. verrucosa in changing light regimes and explain the observed depth distribution pattern. Despite its high abundance in shallow reef waters, P. verrucosa possesses limited heterotrophic acclimation potential, i.e., the ability to support its mainly photoautotrophic diet through heterotrophic feeding. We conclude that P. verrucosa might be a species vulnerable to sudden changes in underwater light fields resulting from processes such as increased turbidity caused by coastal development along the Saudi Arabian Red Sea coast.
Introduction
Hermatypic (i.e., reef-forming) corals host intracellular photoautotrophic dinoflagellates of the genus Symbiodinium as part of an obligate symbiosis. The photosynthetic output of Symbiodinium can cover the entire energy demand of the coral host (Muscatine 1990) , explaining why the occurrence of hermatypic corals is limited to the photic zone of warm, oligotrophic oceans (Falkowski et al. 1984) . Despite the oligotrophic conditions that are prevalent in tropical coral reefs, the tight nutrient recycling between Symbiodinium and their coral hosts provides the foundation Communicated by Biology Editor Dr. Mark Vermeij Electronic supplementary material The online version of this article (doi:10.1007/s00338-014-1192-8) contains supplementary material, which is available to authorized users. of these highly productive ecosystems (Patton et al. 1977; Alamaru et al. 2009 ). Most coral species have limited distribution patterns along the vertical light gradient, as irradiance in the ocean decreases exponentially with depth. Consequently, a large proportion of hermatypic corals live in the well-lit upper 30 m of the water column, with only a few specialist species inhabiting the mesophotic zone below 30 m (Lesser et al. 2009 ).
In general, Symbiodinium-bearing corals have a high capacity to exhibit physiological plasticity. Physiological plasticity is defined as the mechanism whereby organisms alter their physiology allowing them to acclimate to different environments (e.g., different light regimes; Brown 1997; DeWitt et al. 1998; Gates and Edmunds 1999) . In order for corals to maintain high photosynthetic production under distinct light regimes, Symbiodinium cell densities and/or the chlorophyll (chl) content per cell can be modulated Cooper et al. 2011a ). In addition to increasing chlorophyll concentrations under low light, a larger pool of other light-harvesting (LH) pigments, i.e., chlorophyll c 2 and peridinin, can be synthesized, which supports efficient light capture and photosynthetic energy conversion (Iglesias-Prieto and Trench 1997) . Under increased light levels, the concentration of LH pigments decreases, and a reversed trend of increasing photoprotective (PP) xanthophylls and xanthophyll de-epoxidation in the socalled xanthophyll cycle can be observed. This indicates the activation of photoprotective pathways (Brown et al. 1999 ). Pulse-amplitude-modulated (PAM) fluorometry facilitates the measurement of photophysiology in situ (Ralph et al. 1999) . Its application to various coral species has shown that, with decreasing light, minimum saturating irradiance decreases while maximum quantum yield increases (Frade et al. 2008a; Lesser et al. 2010) .
When decreasing light levels exceed the limits of photosynthetic plasticity, autotrophic output decreases (McCloskey and Muscatine 1984) and energy stores may be reduced (Cooper et al. 2011a ). However, under lower light levels, some corals can support their mainly autotrophic diet through heterotrophic feeding (Ferrier-Pagès et al. 1998; Palardy et al. 2005; Lesser et al. 2010; Roder et al. 2011 ). This flexibility between autotrophic and heterotrophic carbon acquisition is one factor that determines a species' ecological niche and distribution range (Anthony and Fabricius 2000; Hoogenboom et al. 2010) . Furthermore, under disturbance, more flexible coral species perform superior to species with limited heterotrophic capacity Roder et al. 2010) .
Beyond photoacclimatory processes, the association with different Symbiodinium types is an important variable explaining the depth zonation between coral species (Iglesias-Prieto et al. 2004; Frade et al. 2008b) . For instance, a single Symbiodinium type was found to be responsible for the depth distribution of Pocillopora verrucosa in the shallow waters of the Gulf of Mexico (Iglesias-Prieto et al. 2004 ). Moreover, a change in Symbiodinium type can broaden the ecological niche of a species by conferring a metabolic advantage on their hosts in the respective environment Cooper et al. 2011b) .
Despite the various physiological mechanisms that allow corals to acclimate to different light regimes, the limits of physiological plasticity (DeWitt et al. 1998; Todd 2008; Auld et al. 2010 ) are unknown for most corals. In this study, we examined the physiological plasticity of P. verrucosa, a major reef-building species of the central Red Sea, along its distribution range (i.e., between 5 and 20 m) with a focus on changes in autotrophic and heterotrophic potential. Our aim was to further understand the species' depth zonation and distribution limits by monitoring Symbiodinium and metabolic tissue parameters during a longterm cross-transplantation experiment across the species' distribution depths.
Materials and methods

Experimental design
The transplantation experiment was conducted on the oceanfacing side of ''Al Fahal'' reef (N22°15.100, E038°57.382) approximately 11 km off the Saudi Arabian central Red Sea coast. At each of the three sampling depths (5, 10, and 20 m), five colonies of P. verrucosa were collected and split into three equally sized parts (with several branches) in February 2012. Immediately afterward, each triplicate of a given colony was transplanted to one of three experimental depths (5, 10, and 20 m). One of the experimental depths was the native depth (depth of origin), and two were nonnative transplant depths. Thirty days after the onset of the experiment, in situ photophysiological measurements were taken on each fragment and a sample was taken for subsequent analyses of Symbiodinium densities and pigments. Metabolic parameters (details below) were measured after 30 and 210 d to examine short-and long-term heterotrophic acclimation, respectively. Further, we sampled on the day of transplantation (d0), and after 30, 90, and 210 d to examine the Symbiodinium composition and mortality over time.
Environmental sampling
Physicochemical parameters that potentially influence coral photosynthesis and metabolism were investigated. HOBO Pendant Ò temperature loggers (Onset, USA) were placed at each of the experimental depths, recording water temperature at 10-min intervals for the duration of the experiment (210 d). At three times around noon during the first 30 d of the experimental period, CTD (SBE 16plusV2, Seabird Electronics, USA) casts with a mounted photosynthetic active radiation (PAR) sensor (ECO PAR TM , WET Labs, USA) were performed. Discrete water samples were taken at 5, 10, and 20 m using 10-l Niskin bottles. Water samples were stored on ice in the dark until filtered through GF/F filters (0.7 lm, Whatman, UK) using vacuum. Filtrates were analyzed for inorganic nutrient content (phosphate, nitrite, nitrate, and ammonia). The filters were divided in half. One half was lyophilized and weighed on a microbalance (Mettler Toledo, USA) to the nearest 0.01 mg for total suspended matter (TSM) determination; subsequently, this half of the filter was analyzed for stable isotopes (as described below for coral samples). From the other half, pigments were extracted and chlorophyll content was determined according to Jeffrey and Humphrey (1975) .
To characterize the reef environments at each depth, four 20-m line intercept transects were conducted. Benthic properties were noted every 50 cm, resulting in 160 data points per depth (English et al. 1997) . Along eight replicate 5 9 1-m belt transects, P. verrucosa colony abundance was recorded and the dimensions (width, length, and height) of the first 20 colonies along each transect were measured. The proportion of the hard coral substrate covered by P. verrucosa colonies was calculated from mean colony sizes and line intercept transects.
In situ photophysiology
After 30 d, all transplants were analyzed using in situ PAM fluorometry (Ralph et al. 1999) . Sampling took place before noon. Three light-adapted quantum yields (DF/F m 0 ) were measured per sample using a Diving PAM (Walz, Germany) followed by a rapid light curve (RLC). During the RLCs, eight increasing light steps (106, 176, 271, 435, 560, 769, 1069 , and 1,558 lmol photons m -2 s -1
) were applied to the corals for 10 s each, followed by a saturation pulse. The following RLC parameters were calculated after fitting the model of Platt et al. (1980) using Sigmaplot Ò software (SPSS, USA): E k : minimum saturating irradiance; a: maximum light utilization coefficient (equivalent to initial slope of the RLC), and rETR max : maximum relative electron transport rate.
Sample processing
After in situ measurements, a branch of each transplanted fragment was collected, subsequently rinsed with filtered seawater, and snap-frozen in liquid nitrogen. Coral tissue was removed from the snap-frozen fragments using an airgun and an airbrush with 4°C cold 4 % NaCl solution. After homogenization, aliquots were taken for Symbiodinium cell counts, protein, and stable isotope analyses. The remaining slurry was centrifuged for 5 min at 3,220g, and the supernatant was removed. The pellet was washed and resuspended twice in 4 % NaCl solution, and then shockfrozen in liquid nitrogen for HPLC analysis of Symbiodinium pigments. All processing steps were conducted on ice. Coral skeletons were bleached, and their surface area was determined with paraffin wax dipping (Veal et al. 2010) .
Symbiodinium densities and pigments
Symbiodinium densities were determined with six replicate counts in a Neubauer-improved hemocytometer on a light microscope and calculated per coral surface area. The shock-frozen Symbiodinium samples were freeze-dried, and the tubes were closed under 80 % nitrogen/20 % hydrogen atmosphere to prevent oxidation of the reactive alkene double bonds of the pigments (Kowalewska and Szymczak 2001) . Dried pellets were suspended using a mortar and pestle, and pigments were extracted in 500 ll ice-cold 90 % methanol with 1 mM Tris. After the addition of methanol, cells were disrupted during six 30-s intervals in an ice-cooled ultrasonic bath. Afterward, glass beads (50 % 0.1 mm, 50 % 0.5 mm) were added to the solvent, and six intervals of 3 min in a cooled (-20°C) bead-beater (TissueLyser LT, Qiagen, Germany) at 50 Hz were performed. Samples were centrifuged at 2°C and 12,846 g for 10 min to precipitate proteins. The pellet was inspected visually for complete homogenization, and additional rounds in the bead-beater and ultrasound were conducted if necessary. The supernatant was filtered through a syringe membrane filter (0.45 lm), and 20 ll of the filtrate was separated on a reverse-phase HPLC column (18C Chromolith, Merck, Germany) using a linear gradient system according to Papagiannakis et al. (2005) . All pigments were measured using a Hitachi L-2455 diode array detector (VWR, Germany) and quantified against pigment standards for chlorophyll a and c 2 , ß-carotene, and the xanthophyll cycle pigments diadinoxanthin (ddx) and diatoxanthin (dtx; all DHI, Denmark) according to Papagiannakis et al. (2005) . For peridinin (DHI, Denmark), calibration and quantification was carried out in the same way using an extinction coefficient of 132.5 l g -1 cm -1 (Jeffrey and Haxo 1968) . Subsequently, the ratio of light-harvesting pigments (i.e., chl a, chl c 2 , and peridinin) to photoprotective pigments (i.e., ß-carotene, ddx, and dtx), and the xanthophyll deepoxidation (dtx (dtx ? ddx) -1 ), was calculated.
Metabolic tissue parameters
Total protein content of tissue slurry was determined after Lowry et al. (1951) against a bovine serum albumin standard (DC protein assay, Bio-Rad, Germany) with a spectrophotometer (SpectraMax Paradigm, Molecular Devices, USA). Prior to measurement, the samples were extracted in 0.5 M NaOH for 30 min at 90°C. A tissue aliquot was separated into algal and animal fraction through centrifugation, and the Symbiodinium pellet was washed twice (see above). Both fractions were dried in a centrifugal evaporator. Elemental analyses of carbon and nitrogen concentrations and their isotopic ratios were conducted with an isotope ratio mass spectrometer (Thermo Finnigan MAT, USA). Isotopic ratios are reported as % d 13 C and % d 15 N relative to Pee Dee Belemnite standard and atmospheric nitrogen, respectively.
Symbiodinium community composition
Symbiodinium cells were separated from the host tissue as detailed above. DNA was extracted using Chelex resin (100-200 mesh, Sigma, USA), and DNA concentrations were determined using Qubit dsDNA HS Assay kit (Invitrogen, USA). About 5 ll of extract containing 1.5-3 ng DNA was used for amplification with the forward primer ''ITS2intfor'' and the reverse primer ''ITS2CLAMP'' following PCR touchdown protocols detailed in LaJeunesse and Trench (2000) with Qiagen Multiplex PCR kit according to the manufacturer's recommendations. The final volume for all reactions was 25 ll, and the final concentration of the primers was 0.1 without clamp and 0.3 lM for the primer with the GC clamp. PCR products were loaded on an 8 % polyacrylamide denaturing gradient gel (45-80 % urea-formamide gradient) and separated by electrophoresis for 16 h at 150 V and 60°C (LaJeunesse 2002). Separated bands were stained with SYBR Safe (Invitrogen, USA) for 20 min in the dark and visualized and photographed on a transilluminator. All prominent bands from the denaturing gel were excised and incubated in 500 ll sterile water for 24 h before re-amplification and sequencing. For re-amplification, the same forward primer was used while the reverse primer did not contain the GC clamp (Coleman et al. 1994) . Sequences were submitted to the Bioscience Core Lab at KAUST for sequencing on an ABI 3730xl (Applied Biosystems, USA). Chromatograms of the ITS2 sequences were checked and edited using CodonCodeAligner, aligned with Geneious 5.5.4, and BLASTed against the GeoSymbio database (Franklin et al. 2012 ) and the GenBank nr database for ITS2 type designations.
In the DGGE profiles, the most prominent band was recorded as indicative of the main Symbiodinium type (LaJeunesse 2002). Furthermore, background types that can lead to complex banding profiles were analyzed through re-amplification of additional bands (LaJeunesse 2002) . At each of the four sampling points (i.e., 0, 30, 90, and 210 d), we recorded whether a fragment had undergone a change in the Symbiodinium composition. Coral fragments that were deceased or lost were excluded for the respective time point and onwards. The number of fragments that were still alive versus those deceased after 210 d of transplantation were recorded (excluding all lost fragments). Multiple permutation tests were conducted to test for Symbiodinium composition changes compared to unchanged fragments over all time points. Further, permutation tests were conducted on mortality rate after 210 d considering the factors ''depth of origin'' and ''transplantation depth.'' A sequential Bonferroni correction was used to adjust p values.
Data analysis
To test for significant differences after 30-d transplantation, a two-factorial ANOVA was conducted with ''depth of origin'' and ''transplantation depth'' as fixed factors. To achieve homogeneity of variance, pmol chl a Symbiodinium cell -1 , mol peridinin mol chl a -1 , a, E k , and d 13 C of Symbiodinium were square-root-transformed. All other parameters (detailed above) met the assumptions of normality (Shapiro-Wilk's W test) and homogeneity of variance (Cochran's test) without data transformation. Tukey's post hoc comparison of means was applied where appropriate. Further, to test for potential long-term acclimation effects, data on protein content and stable isotopes were analyzed after 210 d using nonparametric testing. A Kruskal-Wallis test was used to detect significant differences between origin and transplantation depths of the 15 surviving fragments after 210 d and the respective fragments after 30 d, and a Mann-Whitney U post hoc comparison was applied where appropriate. Further, a Wilcoxon matched-pairs signed-rank test was applied to test for differences between time points.
The factors ''depth of origin,'' ''transplantation depth,'' ''mother colony,'' and ''Symbiodinium type'' were analyzed for their significance in distinguishing the coral samples using ANalyses Of SIMilarities (ANOSIM) with 9,999 permutations. Tissue composition of all transplants was analyzed using non-metric multidimensional scaling (nMDS) on Euclidian distances after log(x ? 1) transformation. SIMilarity PERcentage (SIMPER) analyses were conducted to examine the contribution of each variable to resemblance between transplantation depths. All multivariate statistics were computed with PRIMER version 6 software (Clarke and Gorley 2006) .
Results
Environmental parameters
Light was the parameter that changed most with water depth; at noon, the mean light intensity at 5 m was 533.1 ± 50.1 lmol photons m -2 s -1 (mean ± SE), and it decreased by around 50 % at each depth interval to 323.1 ± 23.0 and 163.1 ± 12.9 lmol photons m -2 s -1 at 10 and 20 m, respectively. All other physical parameters that could potentially influence coral photosynthesis and metabolism (i.e., temperature, inorganic nutrients, chlorophyll concentration, and TSM) did not differ between experimental depths (Electronic Supplementary Material, ESM Table 1) .
Hard coral cover decreased from 47 % at 5 m to 27 % and 14 % at 10 and 20 m, respectively. Hard coral cover was mainly replaced by bare substrate, i.e., sand and rubble (ESM Fig. 1a) . The highest density of P. verrucosa colonies was encountered at 5 m with 2.48 ± 0.25 colonies m -2 and decreased at 10 and 20 m to 1.18 ± 0.25 and 0.33 ± 0.13 colonies m -2 , respectively. There was no significant difference in coral colony dimensions between depths (ANOVA, p [ 0.05). Nonetheless, we found the largest colonies at 5 and 10 m and the smallest at 20 m (ESM Fig. 1b) . Of the total hard coral cover at 5 and 10 m, P. verrucosa colonies contributed about 30 % of the substrate category, while only 15 % of hard coral cover at 20 m consisted of P. verrucosa.
Coral host and Symbiodinium parameters
After 30 d of transplantation, all fragments were alive and showed no visible signs of impairment. A global analysis of all photophysiological, pigment, and metabolic tissue parameters revealed a strong effect of transplantation depth (Table 1) . There were significant differences in all fragments transplanted to 5 m compared to transplants at 10 m (pairwise ANOSIM, r = 0.355, p \ 0.001) and 20 m (pairwise ANOSIM, r = 0.570, p \ 0.001), while 10 and 20 m samples were not significantly different from each other (pairwise ANOSIM, r = 0.054, p [ 0.05). We observed no significant differences between native transplants and non-native transplants at the same depth (Table 1 ). In line with this, mother colonies and main Symbiodinium type after 30 d did not show significant differences (Table 1) .
A multivariate analysis showed that P. verrucosa fragments clustered according to transplantation depth (Fig. 1) . The separation of the transplants from 5 to 10 m and from 5 to 20 m was driven by the photophysiological and pigment parameters, with each explaining ca. 40 % of the dissimilarities within data (SIMPER, ESM Table 2 ). The minimum saturating irradiance, E k , explained over 20 % of the dissimilarities, and each of these two main categories (i.e., photophysiology and pigments) contained variables that contributed approximately another 10 % (rETR max , peridinin chl a -1 , Symbiodinium cell densities, chl a Symbiodinium cell -1 ). In contrast, each of the metabolic parameters (i.e., total protein content, d
13 C and d 15 N of host and Symbiodinium tissue) contributed only between 2 and 5 % to the overall dissimilarity between transplant depths.
Photophysiology
All four in situ photophysiological parameters (i.e., rETR max , E k , a, and DF/F m 0 ) were significantly different between transplantation depths (Table 2 ). Relative ETR max and E k significantly decreased while a significantly increased with transplantation depth (Fig. 2) . DF/F m 0 was significantly decreased in all fragments transplanted to 5 m when compared to the 10-and 20-m transplantation depths (Tukey's HSD, both p \ 0.001), which were also significantly different from each other (Tukey's HSD, p \ 0.05). In contrast to all previous parameters though, there was a significant difference between depths of origin, as fragments originating at 20 m overall maintained higher DF/F m 0 compared to fragments from 5 m (Tukey's HSD, p \ 0.005; Fig. 2) . At the time of in situ measurements, all transplants at 5 and 10 m had reached light saturation with regard to the maximum light intensity measured during the CTD casts at noon (i.e., the minimum light saturating irradiance E k is lower than the ambient light at noon), while transplants at 20 m were still far below light saturation at noon.
Symbiodinium densities and pigment content
The Symbiodinium pigment profiles were a good predictor of transplantation depth (Table 2; ESM Table 2 ). All transplants at 20 m had significantly increased chlorophyll a content compared to 5 and 10 m (Tukey's HSD, p \ 0.001 and p \ 0.05, respectively), while the pool size of the photoprotective xanthophylls, ddx (Tukey's HSD, both p \ 0.05), and dtx (Tukey's HSD, both p \ 0.005) was decreased (Table 2; Fig. 2) , which led to the shift in the ratio of photoprotective to light-harvesting pigments. The significant differences in xanthophyll cycle pigment content with depth were not paralleled by xanthophyll de- (Table 2 ). There was also no significant difference in Symbiodinium cell densities between transplantation depths or depths of origin ( Table 2 ). The peridinin chl a ratio was among the most important explanatory variables in the multivariate statistics (ESM Table 2 ) and exhibited a significant interaction term (Table 2 ; Fig. 2 ).
Fragments originating from 20 m had the highest peridinin chl a ratio, which decreased when they were exposed to higher light levels. Conversely, fragments originating from the high-and intermediate-light environments at 5 and 10 m had decreased peridinin chl a ratios when transplanted to lower light.
Metabolic parameters
Several metabolic parameters were significantly different between fragments transplanted at 5 m and those at 10 and 20 m (Tables 2, 3; ESM Table 2 Table 3 ). Transplantation depth also influenced d 13 C. In host tissues, d 13 C was significantly decreased in transplants at 20 m compared to transplants at 10 and 5 m after 30 d (Tukey's HSD, p \ 0.01 and p \ 0.005, respectively). In Symbiodinium, d
13 C was significantly decreased in transplants at 20 m compared to 5 m over the whole experimental period (post hoc tests for 30 and 210 d, both p \ 0.05; Fig. 2; Table 3 ).
Generally, d
13 C was higher in Symbiodinium than in host tissue. There was no influence of water depth on d 15 N in the host. In contrast, Symbiodinium cells originating at 5 m had significantly increased d
15 N compared to those originating at 10 m after 30 d (Tukey's HSD, p \ 0.05), causing a significant effect of depth of origin (Table 2 ; Fig. 2 ). The ratio of carbon to nitrogen (C:N) was stable across all samples (Table 2 ) and was double in Symbiodinium (9.4 ± 0.3) compared to host tissue (5.1 ± 0.1). Repeated sampling of metabolic parameters after 30 and 210 d showed no significant differences in acclimation in regard to transplantation depths between both time points indicating that ''full'' acclimation was accomplished after 30 d (Table 3) . Nevertheless, a significant difference between time points for the parameters Symbiodinium d 13 C, d 15 N, and host C:N, irrespective of transplantation depth and depth of origin, was observed (Table 3) .
Symbiodinium community composition
Using ITS2-DGGE analysis, we identified six distinct Symbiodinium types (GenBank accession (GBA) KF620356-61). The most abundant species over all samples was Symbiodinium microadriaticum (sensu type A1; Fig. 3 ). Symbiodinium microadriaticum (GBA AF333505, LaJeunesse 2001) has a global distribution and is prevalent in corals from the Red Sea (data not shown). The second most abundant species was widespread Symbiodinium trenchi (sensu type D1a), which was often detected as a less abundant type along S. microadriaticum. Symbiodinium trenchi has been described in several coral species over large geographical ranges (GBA GQ268420 Thornhill et al. 2009; JN558080, Pochon et al. 2012 ). More than 25 % of mother colonies exhibited Symbiodinium from clade C during at least one time point of the experiment (Fig. 3 Values of each physiological parameter (mean ± SE) are given for depth of origin (origin) and transplantation depths (indicated by m depth). Significant values (p \ 0.05) are in bold, and the differences between the three depths are summarized in the last column n.s. not significant During the length of the experiment, a shift of the main Symbiodinium type occurred 9 out of 89 times (Fig. 3) . A permutation test did not show any significant differences in Symbiodinium composition with depth of origin or transplantation depth (p [ 0.05). A change in the minor Symbiodinium types was observed at least once in half of the fragments, all of which but one originated at 5 and 10 m. Furthermore, minor Symbiodinium changes occurred at similar frequencies in fragments from 5 to 10 m (permutation test, p [ 0.05), which were not significantly different between transplantation depths (permutation test, p [ 0.05). The Symbiodinium community in fragments from 20 m seemed to be less diverse, and changes in background types occurred significantly less frequent than at 5 and 10 m (permutation test, p \ 0.001 and p \ 0.05, respectively). After 210 d, 15 of the remaining 41 fragments survived (excluding lost ones), and there was no significant difference in mortality rates between depth of origin and transplantation depth (permutation test, p [ 0.05).
Discussion
Corals are evolved to live in nutrient-depleted environments, where they are largely dependent on the photosynthetic output from Symbiodinium. Accordingly, in order to optimize photosynthetic output, fast acclimation to changing environmental conditions is imperative. Here, we tested the limits of physiological plasticity to different light regimes in the hermatypic coral P. verrucosa by conducting cross-depth transplantation experiments and subsequent assaying of physiological parameters of the coral host and its Symbiodinium community. In our study, photoacclimation to decreased light, i.e., depth, was driven by an increase in chl a per Symbiodinium cell, while Symbiodinium cell numbers remained stable. These observations are in line with the hypothesis that the ability to change Symbiodinium cell densities may be dependent on the perforate versus imperforate nature of the species' skeleton (Kinzie et al. 1984) . P. verrucosa, as a representative of an imperforate species, displays lower tissue volumes and is unable to modulate cell numbers. The increase in chl a per Symbiodinium cell resulted in a lower ratio of the other light-harvesting pigments. This indicates an increase in the photosynthetic units (PSUs) per cell (Iglesias-Prieto and Trench 1997), rather than an increase in the size of the light-harvesting complexes with a stable number of PSUs (Falkowski and Dubinsky 1981; Kinzie et al. 1984) .
Interestingly, peridinin chl a ratio changed in the dependence of both, transplantation depth and depth of origin. The fact that this pattern is different from all other collected physiological data might be one of the reasons for its significance in the multivariate analysis. Physiologically, a change in peridinin chl a -1 ratios can be indicative of functional changes in the PSUs (Iglesias-Prieto and Trench 1997), because peridinin is part of different LH pigment-protein complexes (Jeffrey and Haxo 1968) . Fragments from 20 m depth of origin displayed reduced peridinin chl a ratios when transplanted to shallower depths (i.e., 5 and 10 m), which could be related to a decline of peridinin-chl proteins (4 peridinin/1 chl a; Hofmann et al. 1996) in favor of differential accumulation of chl a-chl c 2 -peridinin protein complexes (2 chl a/1 chl c 2 /3 peridinin; Hiller et al. 1993) . Changing concentrations of these pigment complexes as a response to high light exposure have been observed before in cultures of S. microadriaticum (Iglesias-Prieto and Trench 1997). The fact that this pattern is reversed in colonies from a shallow depth of origin when transplanted to a deeper depth is surprising and indicates diverging photoacclimation mechanisms between S. microadriaticum from shallow and deep habitats. For PP activity, a reversed trend to that of chl a was apparent: We observed increasing concentrations of photoprotective xanthophylls and rates of xanthophyll deepoxidation with higher light, indicating the activation of photoprotective pathways (Brown et al. 1999 ) that have been described in other Pocilloporids before (Krämer et al. 2013) . From our data, we conclude that transplanted P. verrucosa fragments acclimated to their new light environment by storing more light-harvesting pigments per S1  S2  S3  S4  S5  M1  M2  M3  M4  M5  D1  D2  D3  D4  D5 Fig. 3 ITS2-DGGE results of Symbiodinium community composition from P. verrucosa fragments during a cross-depth transplantation experiment. Each circle represents one sample at one time point. Each of the nine blocks denotes an experimental group with the depths of origin on the x-axis and the transplantation depths on the y-axis. Circles along a row represent fragments sampled at the same time at 0, 30, 90, and 210 d. Circles in one column belong to a particular mother colony (S1-5, M1-5, and D1-5, respectively), whose fragments were transplanted to the three depths and sampled repeatedly. The main Symbiodinium types identified through sequencing of the dominant DGGE bands are denoted by filled circles. If a colored ring is present around the main circle, it represents background types detected. In the two instances where multiple background types were detected, the ring is colored in both shades. Deceased fragments were excluded from the analysis, and the respective spaces are marked by a cross, while lost fragments are marked by a question mark. Symbiodinium types were used in accordance with species designations (i.e., Symbiodinium microadriaticum, sensu A1; Symbiodinium minutum, sensu B1; Symbiodinium trenchi, sensu D1a)
Coral Reefs (2014 Reefs ( ) 33:1115 Reefs ( -1129 Reefs ( 1125 area, increasing their photosynthetic efficiency, and decreasing their minimum saturating irradiance when transplanted to deeper depths. Nonetheless, the relative maximum electron rate was significantly decreased in transplants at 10 and 20 m, which indicates that the photosynthetic rate was not high enough to sustain protein energy reserves (McCloskey and Muscatine 1984; Cooper et al. 2011a ). Shifts in carbon and nitrogen stable isotopic ratios indicate the metabolic state and strategy of an organism (Muscatine et al. 1989 ). When exposed to lower light levels, d
13 C in host and Symbiodinium tissue was reduced at 20 m after 210 d, similar to the d 13 C depletion observed in S. pistillata residing below 15 m (Alamaru et al. 2009 ). This observation could be explained either by lower photosynthetic rates, which enhance fractionation during carbon fixation (Swart et al. 2005) , or by increased heterotrophic uptake of organic material low in d 13 C. The d 13 C of heterotrophic sources in TSM from our water samples were around -24 %. Heterotrophic carbon is mainly incorporated into the tissue as proteins (Ferrier-Pagès et al. 2003; Bachar et al. 2007 ). This is in contrast to autotrophic sources, which are commonly stored as fatty acid compounds and used for immediate energy requirements (Patton et al. 1977; Oku et al. 2003) . Consequently, decreasing protein content in deeper corals indicates a lack of compensatory heterotrophy with depth, which corresponds with observations from other Red Sea corals (Alamaru et al. 2009 ). Another factor that may play a role in heterotrophic plasticity is the positive correlation of feeding rate and food density as observed for Pocillopora damicornis (Clayton and Lasker 1982; Anthony 1999; Palardy et al. 2006) . However, in our experiment, we did not see a difference in TSM between experimental depths. Further, increased food supply resulting from stronger currents in deeper water is unlikely to explain the observed pattern as flows in reefs are usually wave-driven (Monismith 2007) and would hence rather result in higher feed fluxes for the shallow-water coral community. This conclusion is supported by unchanged d
15 N values, which we expect to become enriched with a higher heterotrophic/autotrophic ratio (Alamaru et al. 2009 ). Also, the carbon-tonitrogen (C:N) ratio in host and Symbiodinium tissues remained unchanged between depths throughout the duration of the transplantation experiment. As C:N ratios are a good proxy for the proportion of lipids and carbohydrates to proteins, unchanged C:N ratios of samples containing less protein are likely also decreased in autotrophic primary and secondary products (i.e., carbohydrates and lipids). However, there was a significant effect of time (i.e., between 30 and 210 d) on stable isotope composition that we attribute to seasonal differences as all fragments were affected, irrespective of depth of origin or transplantation depth (Nahon et al. 2013) .
It has been shown that decreased autotrophy under low light fosters heterotrophy in P. damicornis (Palardy et al. 2005 ) and other coral species (Ferrier-Pagès et al. 1998; Palardy et al. 2008; Lesser et al. 2010) . However, despite the strong photoacclimatory signal in our data, P. verrucosa did not compensate for reduced light levels through an increased intake of heterotrophic energy sources (i.e., by feeding). Flexibility in carbon acquisition may be a trait determining a species' ecological niche and distribution range (Hoogenboom et al. 2010) . This offers a possible explanation for the narrow depth distribution of P. verrucosa and the decreasing number of colonies with depth in the Red Sea. Our experimental data provide strong evidence that P. verrucosa has low heterotrophic plasticity. Heterotrophic plasticity is species-specific, and colony growth form and polyp size influence prey capture rates (Anthony 1999; Anthony and Fabricius 2000; Palardy et al. 2005) . As seems to be the case for P. verrucosa, low heterotrophic plasticity has been shown for other Pocillopora species (Wellington 1982; Palardy et al. 2005) , making these species particularly vulnerable to disturbance caused by environmental change (Roder et al. 2010) . For instance, during bleaching events that are predicted to occur more frequently under global warming, increased heterotrophy significantly contributes to stress resistance and recovery Rodrigues and Grottoli 2007) . Furthermore, other Red Sea corals also displayed low rates of heterotrophy (Alamaru et al. 2009 ), suggesting that the particularly oligotrophic environmental settings in the Red Sea may exacerbate this tendency by lacking heterotrophic food sources in sufficient density.
The association with different Symbiodinium types may confer a metabolic advantage on their respective hosts in a given environment (Little et al. 2004; Cantin et al. 2009; Cooper et al. 2011a, b) and broadens the ecological niche of corals (Cooper et al. 2011c) . While in some species depth-dependent shifts of Symbiodinium types take place (Frade et al. 2008b; Lesser et al. 2010; Cooper et al. 2011a) , several Pocillopora species display rather stable relationships with only a few Symbiodinium types, likely due to the vertical transmission of Symbiodinium in this genus (LaJeunesse et al. 2008) . In this regard, it is not surprising that all but one of the transplant mother colonies in this experiment hosted the same main Symbiodinium type (i.e., S. microadriaticum, sensu type A1). In agreement with our observations, there have been few reports of acclimatory changes in Symbiodinium types (Berkelmans and van Oppen 2006; Jones et al. 2008) . Further, corals sampled over time reveal stable Symbiodinium type associations (LaJeunesse et al. 2008 ). This is also true when analyzing Symbiodinium composition of corals recovering from stress events (McGinley et al. 2012) or upon changing environmental conditions . On the other hand, almost half of all colonies in our experiment associated with a distinct Symbiodinium background type. This seems to be a common observation in Pocillopora colonies. For instance, a study by McGinley et al. (2012) observed background shuffling of Symbiodinium types in 30 % of Pocillopora colonies investigated.
Taken together, our results provide insights into the limits of physiological plasticity and consequently the acclimation potential of P. verrucosa to different light regimes or depths. P. verrucosa seems to be photophysiologically well adapted to a high light environment where it is most abundant. In contrast, the heterotrophic and autotrophic plasticity of P. verrucosa may not be sufficient to overcome decreasing light levels in deeper water, as demonstrated by depleted protein reserves, shifting stable isotopic ratios, and stable Symbiodinium community composition. This offers an explanation for the narrow depth distribution of P. verrucosa when compared to species displaying either higher heterotrophic plasticity, or variable host-Symbiodinium relationships (promoting autotrophic plasticity). We conclude that P. verrucosa will be a species particularly vulnerable to sudden changes in underwater light fields, resulting from processes such as increased turbidity caused by coastal development. Additionally, the absence of heterotrophic plasticity, contributing to stress resistance otherwise, classifies this species as vulnerable to the consequences of environmental change.
